Vaporization and its associated surface defect formation have become one of the most important challenges in manufacturing single-crystal components. During the kinetic-influenced casting and solution heat treatment of Ni-base superalloys, elements undergo processes of vaporization and deposition causing unpredictable defects. To quantitatively examine the vaporization phenomenon, partial vapor pressures of Ni, Al and Cr in Ni-base alloys were measured in the c phase over the temperature range of 1473 K to 1650 K using Knudsen effusion mass spectrometry. Experimental results showed that the partial pressure of Al is about two orders of magnitude lower than that of Ni and five times lower than that of Cr, revealing that the vaporization of Al is almost negligible compared with those of Ni and Cr at solution heat treatment temperatures. Variation of partial pressures during homogenization of the as-cast Ni-base alloys was measured in long-term isothermal experiments at 1573 K. It was found that Cr vapor pressure decreases by a factor of two in the first 20 hours whereas the Ni and Al remain nearly constant.
I. INTRODUCTION
NI-BASE superalloys have been developed for high-temperature applications owing to their exceptional high-temperature capability. [1] [2] [3] A high-level content of alloying elements has been used to improve creep strength in recent generations of Ni-base single-crystal superalloys, such as CMSX-10, [4] [5] [6] [7] [8] for turbine blades with the introduction of refractory elements. [9] [10] [11] However, the additional content in new alloys caused severe solidification segregation that eventually promoted the presence of casting defects. [12] [13] [14] [15] [16] [17] [18] [19] In addition, due to the preferential partitioning and slow diffusivity of refractory elements in Ni-base superalloys, further heat treatment for refractory-containing superalloys often required a longer time and higher temperature solution heat treatments to dissolve the inter-dendritic eutectic phase and homogenize the microstructure. For example, solutioning of as-cast CMSX-10 turbine blades was carried out above the c¢ solvus temperature of around 1473 K to 1633 K for a total of approximately 45 hours. [20] [21] [22] [23] [24] [25] Time-consuming heat treatment generates certain challenges and costs in superalloy production. As a result, recent studies revealed that vaporization of Ni, Al and Cr occurs during solution heat treatment, which leads to the formation of various surface defects, such as surface recrystallization, surface scale and melting during manufacturing. [26] [27] [28] Vaporization-induced surface defects in Ni-base superalloys have become one of the most important challenges in manufacturing single-crystal components. [28] [29] [30] Due to the important roles of Ni, Al and Cr affecting vaporization during solution heat treatment of Ni-base superalloys revealed by our previous publication, [27, 28, 31] Ni-Al-Cr alloys were selected for vaporization examination of their thermodynamic properties for simplicity purposes. To understand the mechanism and minimize the surface defect formation during manufacturing of Ni-base superalloys, we conducted quantitative analysis of elemental vaporization under real industrial processing conditions. Knudsen effusion mass spectrometry (KEMS) has been used to measure the vapor species and their equilibrium pressure above the condensed phase at high temperatures. It is a novel method that offers the highest accuracy for vaporization studies under equilibrium [32] [33] [34] providing direct evidence in terms of thermodynamics. Although thermodynamic activities of some elements in Ni-base alloys have been measured using KEMS, [35] [36] [37] [38] [39] [40] [41] [42] there are insufficient data for examining Ni-base alloys with concentrations from modern designs. Correlation between elemental vaporization at solutioning temperature and elemental interaction with respect to phase evolution has not yet been properly assessed and justified in this alloying system. In this study, we used the KEMS method to measure the partial pressures of Ni, Al and Cr in Ni-base alloys at an industrial heat treatment temperature range from 1473 K to 1650 K; accurate partial pressure data are obtained and used to analyze surface defect formation during manufacturing. Our results provide an insight into the mechanism of surface defect formation and can be used to optimize the industrial heat treatment process to reduce kinetic-orientated surface defects.
II. EXPERIMENTS

A. Sample Preparation
Polycrystalline Ni-Al-Cr alloy samples were made from high-purity Ni (99.99 pct), Cr (99.98 pct) and Al (99.99 pct), supplied by Trillion Metals Co., Ltd., in the preparation of test bars by rapid vacuum melting. Raw material was prepared and weighted to an accuracy of 0.001 g prior to the casting stage, which was carried out in a vacuum induction levitation melting furnace. A mixture of raw material was heated by induction to a temperature of about 1723 K in the furnace while levitating in a magnetic field. The whole process operated in the condition of a vacuum level at 0.1 Pa and lasted for approximately 15 minutes until the alloy was fully melted with a uniform chemistry in the furnace. The molten alloy was then pressed into a fused quartz tube at an approximate rate of 0.05 m/s to form a cylindrical bar, which was subsequently quenched by Ar flow. Rapid solidification prevents alloys from macro-segregation in as-cast microstructure. The quartz tube was then removed from the produced sample bar, which has a length of approximately 150 mm and diameter of 8 mm after casting.
Five Ni-Al-Cr alloys were designed with constant Al content (12 at. pct), which is similar to the Al concentration in commercial single-crystal alloy CMSX series, and the content of Cr increases from 2 to 30 at. pct. Compositions of model alloys used in KEMS experiments are listed in Table I and were ascertained by inductively coupled plasma mass spectrometry. All alloys are consistent with nominal compositions in the original design, implying no significant loss by vaporization during the production process.
The calculated isothermal section for the Al-Ni-Cr system at 1573 K compared with the experimental points is presented in Figure 1 . The ternary phase diagram is adapted from the optimized plot by Velikanova et al. [43] with respect to the original work from Dupin et al. [44] All model alloys used in this study are labeled in Figure 1 showing a single phase of Ni-Cr-Al alloys produced at 1573 K within the c phase (FCC_A1) region. Despite the different phase diagram predicted from the FactSage thermochemical software package program [45] implemented with the SGTE 2017 database (Intermetallic Compounds, Alloy Solutions), it is also noteworthy that KEMS data enable correction of the existing phase diagram via thermodynamic analysis with great detail.
B. Knudsen Effusion Mass Spectrometry
The measurements of partial vapor pressures of Ni, Al and Cr in Ni-Al-Cr alloys were conducted using a Knudsen effusion mass spectrometer at Forschungszentrum Ju¨lich in Germany. A single-focusing CH5 (Finnigan MAT 271, Bremen) 90 deg magnetic sector-field mass spectrometer was used.
As illustrated in Figure 2 , the sample is held in the Knudsen cell and heated uniformly. A molecular beam of evaporated species from the Knudsen cell enters the ion source via an aperture. The shutter is used to separate the ion source from the sample chamber controlling the intensity of the formed beam. The vapor species are ionized by electron impact [M (g) + e À = M + + 2e À ) by an emission current of 0.5 mA and electron energy of 70 eV. A set of collimating lenses focuses the ion beam, and, on the way to the entrance slit of the mass analyzer, the ion kinetic energy is boosted by an accelerating potential of 8 kV. The entering kinetic energy of all ions with the same charge is nearly mono-energetic at 8 keV, but their velocities follow the law of classical mechanics, wherein the speed of a particular ion is proportional to the reciprocal to the square root of its mass. When an ion passes the sector field analyzer, its path is influenced by a combined action of perpendicular electric and magnetic fields described by the electromagnetic force. By dynamically changing the electrical field strength, the ions of different mass are separated according to their mass-to-charge ratio. The separated ions are collected in the detector for final evaluation. A quantity of ions is directed into a Faraday cage, and the current is directly recorded as a potential drop across a high resistance (10 11 X). At low quantity, the ions are directed to impact the first dynode of the multiplier, where they induce a secondary emission of electrons. The secondary electrons are amplified through a cascade of plates with increasing potential difference. On each plate the electron emission is multiplied, and finally the number of secondary electrons ends in a shower that is about 10 6 times the starting number. The number of electrons is now high enough to be recorded as either a potential drop through a resistor or a burst that is counted (ion counting). In this study, all experiments were generally completed with ion counting to avoid a mass discrimination caused by the multiplier. An intensity signal of a potential drop was obtained by conversion of the ion counts. [47] In our experiments, an Al 2 O 3 crucible inside the iridium Knudsen cell with a diameter of 9 mm and an orifice size of 0.3 mm was used to prevent chemical reaction with Ir. Thermal isolation of the Knudsen cell was achieved by using tantalum radiation shields during measurements. The cell was heated by electron bombardment at a potential 1200 V and a variation of the electron emission related to the temperature under consideration. The temperature at the bottom of the Knudsen cell was measured by an optical pyrometer (Dr. Georg Maurer GmbH, Kohlberg, Germany) in a black body hole at the bottom of the cylindrical Knudsen cell. The pyrometer was calibrated by the melting points of Ag, Au, Ni and Pt. To distinguish the signal out of the cell from the background, a movable shutter allows suppressing the beam before the ion source. The accurate control of temperature, Knudsen cell geometry and other relevant parameters of measuring ion intensity in different experiments ensures the reliability of measured results for subsequent partial pressure calculations.
Samples were placed inside a cylindrical crucible (/ 5 mm, height of 3 mm) with an approximate weight range from 50 to 100 mg. Each sample was weighted at an accuracy of 0.1 mg. All designed alloys were initially measured using heating and cooling cycles at a desired temperature range. After reaching the setup temperature, the program waits until the ion signal is constant (about 8 to 10 minutes for alloys). A constant signal indicates chemical equilibrium, i.e., constant chemical potential. Once a constant signal has been confirmed, measurements of Ni, Al and Cr were recorded in shutter open and close conditions, labeled as (O) and (C). The time to register one ion depends on the sampling rate (about 20 s/ion). It took roughly 2 minutes for a single measurement, so a set of six measurements at a sequence of Ni(O), Ni(C), Cr(O), Cr(C), Al(O) and Al(C) took 12 minutes at one temperature. The time interval for temperature change was set to about 8 minutes waiting for signal constants. Samples were heated/cooled with repetition at 20-K intervals between 1473 K and 1650 K depending on the liquidus of alloys [48] (also see Appendix Table A1 ).
In situ isothermal holds (solution heat treatment) were carried out from 60 to 114 hours to determine the extent of elemental vaporization continuously. For comparison, the extent of element vaporization in these experiments was determined using the ion intensity change by KEMS.
III. EQUATIONS FOR CALCULATING PARTIAL PRESSURE AND THERMODYNAMIC ACTIVITY
Thermodynamic equilibrium is assumed in a closed system during KEMS measurements while a small fraction of molecules (< 1 mg in 24 hours) effuses from a tiny orifice on top of the Knudsen cell. [34, 49, 50] A long isothermal session is needed to effuse composition changing amounts. The vaporization of Ni, Al and Cr elements was detected by counting Ni + , Al + and Cr + ions from gaseous species M (g) (M = Ni, Al, Cr) originating from the Knudsen cell with a reaction equation as: M (g) + e À = M + + 2e À .
The method for evaluating partial pressure and activity has been well described by Hilpert [32] and Kobertz et al. [47] The relevant evaluation of the ion-current-ratio technique can be found in the work of Neckel and Wagner [51] and Belton and Fruehan. [52] Using the method in References 32 and 47, partial pressure is determined from measured ion intensities I i of species i at temperature T using Eq. [1]:
where T is the temperature in Kelvin, k is the pressure calibration factor, p i denotes the partial pressure, r i is the ionization cross section, and g i is the isotopic [45] abundance of species i. The coefficient c i is the multiplier factor, which is unity for an ion-counting system. The ionization cross sections used for the gaseous species are r Ni = 5.48, r Al = 6.18 and r Cr = 5.1, which were reported by Mann et al. [53] at an ionization energy of 70 eV. The isotopic abundance of Ni and Cr was normalized to 100 pct corresponding to the mass of their most abundant isotopes, i.e., Ni 58 and Cr 52 , calculated as g Ni = 0.682 and g Cr = 0.838, while Al 27 has a natural abundance of 100 pct giving the only isotope for Al with g Al = 1. [54] [55] [56] The pressure calibration factor can be derived by comparing the vapor pressure of pure Ni, Al and Cr calculated from KEMS measurements with that of reference from IVTANTHERMO data. [57] Therefore, by re-arranging Eq. [1] , the calibration factor for Ni is given by 2.71 9 10 À9 Pa/mV K using values of p Ni = 8.44 9 10 À3 Pa, [57] g(Ni) = 0.682, r(Ni) = 5.48 and I Ni T = 1.15 9 10 7 mV K. Pressure calibration factors for Cr and Al can be calculated in the same manner.
After calibration of pressure factor k, partial pressures of Ni, Al and Cr are calculated from measured ion intensities of elements from Eq. [1] . According to the Clausius-Clapeyron equation, [58, 59] the partial pressure for the standard condition is set to conditions at T = 298 K and p = 1 atm = p H . Hence, the activity a i of a species is calculated in the partial pressure of the element in a measured alloy compared with the standard pressure, p H , which is listed as Eq. [2]:
where p i and p 0 i are the equilibrium vapor pressure of i over the alloy and pure substance at the same temperature, respectively.
The equilibrium constant K is defined as the product of the activities a i of the reactants, which can be determined from partial pressures and temperature dependence [32] using Eq. [3]:
Considering the KEMS method, for a pure element, partial pressure using Eq. [1] can be arranged as Eq. [4]:
For a system, the partial pressure in Eq.
[1] is shown as follows:
It is considered in the same element, r p = r s , p = s , p = g s ; therefore, activity can now be calculated using the following equation with values at the same temperature:
As DG = 0 in equilibrium, the Gibbs energy is derived with respect to the equilibrium constant K p according to its definition as:
Thus, the equilibrium constant K p is determined as an Arrhenius plot by rearranging Eq. [7]:
D sub H 0 i is the enthalpy of vaporization for species i, and D sub S 0 i is the entropy of vaporization for species i. R is the gas constant. In the equation, the ratio of D sub H 0 i and D sub S 0 i to the gas constant can be presented as constants A and B; therefore, the linearity logarithm of the partial pressure and reciprocal temperatures is obtained.
Considering the reaction for element i in the condensed phase and gas phase as the following reaction i(c) ¢ i(g), K p in the pure element becomes:
where activity for the pure element is equal to 1. Following the same principle, K p for a system is presented as Eq. [10]:
Combining Eqs. [9] and [10] , the activity of element i in the system is derived as:
The Arrhenius plot in Eq. [8] is rearranged with respect to Eq. [3] in terms of the activity against reciprocal temperature as:
IV. RESULTS
In this section the partial pressures of Ni, Al and Cr in pure substance and alloys will be reported first, followed by the derived chemical potential of Ni, Al and Cr as supportive evidence for interpreting the phenomenon of elemental vaporization at high temperatures. Results from isothermal experiments further revealed the extent of elemental change during solution heat treatment. Finally, implications from the current study are discussed to establish the understanding of elemental interaction during processing of Ni-base superalloys.
A. Sublimation Enthalpy and Entropy of Pure Ni, Al and Cr
As described in the Section II, upon vaporization, ions of Ni + , Cr + and Al + were collected separately from gaseous species, and the number of ions was counted by a digital impulse counter. For Ni and Cr, the ion intensity peaks were measured and normalized to 100 pct corresponding to the mass of their most abundance isotopes, i.e., Ni 58 and Cr 52 , while Al 27 has a natural abundance of 100 pct giving the only isotope for Al. [54] [55] [56] The ionization cross sections used for the gaseous species were collected from Mann's study proving production of ion intensity and temperature (IT) normalized by the abundance and ionization cross section. Figure 3 depicts the natural logarithm of normalized (IT) for the measured elements of Ni, Al and Cr against reciprocal temperature. The linearity of Arrhenius lines indicates that measurements of ion intensity in our experiments were stable, and therefore a steady-state condition was satisfied during the experiments. With application of the principal calculation described above, normalized (IT) can be converted into partial pressures as subsequent results.
Reliability of KEMS measurements is further examined by comparing enthalpies of sublimation from our experiments with those in the literature. Coefficients A and B from the Arrhenius plot, derived as ln(p i ) = À A/ T + B, were used to calculate the enthalpy and entropy All enthalpies and entropies of sublimation from our measurements and literature data [57, 60] are listed in Table II . The enthalpy changes from our measurements at mean temperature of the measured range are D sub H Ni (1562 K) = 414.26 ± 0.3 kJ/mol, D sub H Cr (1476 K) = 383.3 ± 3.2 kJ/mol and D sub H Al (1284 K) = 310.3 ± 1.9 kJ/mol, respectively. The literature data from the IVTANTHERMO database [57] are: D sub H Ni (1500.5 K) = 414.5 kJ/mol, D sub H Cr (1523 K) = 384.3 kJ/mol, D sub-H Al (1323 K) = 310.2 kJ/mol, showing good agreement obtained between our measurements and data from the literature.
B. Partial Vapor Pressures of Ni, Al and Cr in Ni-Al-Cr Alloys
In this section, the equations for calculating the vapor partial pressure will be presented first, and then the temperature and composition dependence of the partial vapor pressures will be reported. It shall be pointed out that only a single c phase exists in all the experimental Ni-Al-Cr alloys from 1473 K to 1650 K, as predicted in Figure 1 , and our KEMS results on Ni activity vs Ni contents will be reported in Section IV-C.
1. Equations for calculating partial vapor pressures of Ni, Al and Cr in Ni-Al-Cr alloys Figure 4 contains the calculated ln(IT) against 10 4 /T from measured Ni data of pure Ni and that of Ni-Al-Cr alloys. As expected, the magnitude of ln(IT) shows direct proportion to the Ni concentration. The partial vapor pressure of the alloy elements as a function of the temperature (p i = f(T)) can be deduced from the Arrhenius plot in the form of a linear function ln(p i ) = A/T + B. Two independent runs were carried out, and the regression performed on the two runs is presented as an equation with an appropriate uncertainty. The deviations of scatter plots are eliminated statistically by using the Grubbs outlier method. [61] With application of the same principle, derived equations for calculating the partial vapor pressure of Al and Cr in Ni-Al-Cr alloys are also listed in Table III . All partial vapor pressures were calculated in Pa. Figure 5 shows partial vapor pressures of Ni, Al and Cr calculated from measured ion intensities in the Ni2Cr12Al alloy. Partial vapor pressures of Ni, labeled as square dots in Figure 5 , increase from 0.0012 to 0.12 Pa between 1424 K to 1636 K; triangle dots showing partial vapor pressure for Al ascend by nearly two orders of magnitude from 8.13 9 10 À6 Pa at 1424 K to 9.9 9 10 À4 Pa at 1636 K. Circle dots for partial vapor pressure of Cr also show a significant increase within an extensive range of magnitude at elevated temperatures, from 4.51 9 10 À5 Pa at 1436 K to 0.0018 Pa at 1636 K, despite a lower increasing rate. All three partial pressures in Ni-Cr-Al alloys show a great dependence of temperature. The rest of the measured Ni-Al-Cr alloys show a similar pattern for temperature dependence, and the measured temperature range depends on their solidus temperatures, which are lowered by the amount of additions contained in the alloys. Therefore, the order of magnitude of three partial pressures in the measured Ni-Al-Cr alloys is obtained as P_Ni > P_Cr > P_Al. Additional details of Cr vaporization can be further observed in isothermal experiments showing consistency in terms of the decrease of Cr concentration in the measured alloys.
Temperature dependence
Composition dependence
As partial vapor pressures of Ni, Al and Cr have been measured in five Ni-Al-Cr alloys with different compositions in our KEMS experiments, the relationship between partial vapor pressure and compositions was analyzed, and the results of partial vapor pressures for the five alloys with different Cr concentrations are shown in Figure 6 . Partial vapor pressures of Ni and Al, as shown in Figures 6(a) and (b), respectively, in Ni-Al-Cr alloys are directly proportional to elemental concentrations as higher content of elements in alloy contributes to an increased partial vapor pressure.
Presumably, nickel is the major element in the alloy, and the partial pressure of Ni is dominant. The partial vapor pressure of Cr increases when an additional amount of it is added to the alloy. As depicted in Figure 6 (c), the partial vapor pressure of Cr changes from 2.86 9 10 À4 Pa for Ni2Cr12Al alloy to 0.028 Pa from Ni30Cr12Al alloy at 1523 K. Despite a constant constitution of about 12 at. pct of Al in all Ni-Al-Cr alloys, the partial vapor pressure of Al shows an increase with the addition of Cr content in alloys, which changed from 9.3 9 10 À5 Pa for Ni2Cr12Al alloys to 6.7 9 10 À4 Pa for Ni30Cr12Al alloys at 1523 K.
C. Thermodynamic Properties of Ni, Al and Cr in Ni-Al-Cr Alloys
In addition, the enthalpy and entropy of sublimation for individual elements in Ni-Al-Cr alloys can be obtained using coefficients A and B listed in Table III with the method described above. Table IV summarizes the enthalpy and entropy of sublimation for individual elements in all measured Ni-Al-Cr alloys. The data reveal that entropies of sublimation for Ni and Al fluctuate in a slight range with different concentrations in alloys, while the entropy of sublimation for Cr varies with an increasing concentration. Therefore, it can be concluded that the sublimation of different alloys is driven by the entropy of Cr in the Ni-Al-Cr system.
KEMS data are naturally calculated as thermodynamic activity to reveal the interaction and stability in the condensed phase, which is referred to the solid state of elements in all measured Ni-Al-Cr alloys. Experimental activities of Ni, Al and Cr are plotted as ln(a) vs Figure 7 with the regression equation of lnðaÞ ¼ ÀA 1 T þ B from linearity fitting. Good reproducibility of KEMS results was obtained from multiple runs of experiments performed on Ni-Al-Cr alloys. Coefficients of A and B from the Arrhenius plot of all measured Ni-Al-Cr alloys are listed in Table V providing assessment of the thermodynamic activities of Ni, Al and Cr at any desired temperatures.
1/T in
Apart from the partial pressure and thermodynamic activity presented above, there is more information that can be derived from KEMS data by considering the correlation to compositions of alloys. As illustrated in Based on the phase rule, Ni + /Al + ion intensity ratios are independent of concentration x Ni if three phases are present in the ternary alloy system at the measured temperatures. Hence, it is deduced that the partial pressure or thermodynamic activity remains at a constant level when the phase transition occurs because of the direct proportionality of partial pressure with respect to ion intensity.
D. Elemental Vaporization During Real Industrial Heat Treatment Processes
As described in the Section II, in situ isothermal hold was performed at 1573 K for Ni2Cr12Al, Ni5Cr12Al and Ni15Cr12Al alloys from 66 to 114 hours for inspection of variation in ion intensity. The measured ion intensity and calculated partial vapor pressure of Cr in Ni2Cr12Al alloy are presented in Figure 10 . It is observed that there is an initial decline of both ion intensity and partial vapor pressure in the first 20 hours; the partial vapor pressure changed from 2.57 9 10 À3 Pa at the beginning to 1.39 9 10 À3 Pa at 20 hours. As shown in Figure 10 (a), the process of stabilization observed for the partial vapor pressure of Ni after 20 hours remained around 0.035 Pa. Partial vapor pressure of Cr stabilizes at a level of 1.02 9 10 À3 Pa with small fluctuations after the initial decline over about 20 hours in Figure 10(b) . To confirm the effect of elemental variations on vaporization and equilibration among Ni-Al-Cr alloys, the ratios of ion intensity are presented as Cr/Ni and Al/Ni for three measured alloys over the initial period in the illustration in Figure 11 . In Figure 11 (a), the Cr/Ni ratio descends by a factor of 2 in first 20 hours. Figure 11(b) shows that the Al/Ni ratio remains stable during isothermal hold. The ratio of ion intensity change from the isothermal hold suggests that the concentration change of Cr, regarding changing the chemical potential, is the main reason for the ion intensity decline during the initial period of isothermal hold. On the other hand, the results show a homogenization of the non-equilibrium state of as-cast samples with re-solving precipitations and loss of the constitution in correlation with the microstructural evolution during solution heat treatment of Ni-base alloys.
V. DISCUSSION
KEMS results have shown the capability of this state-of-the-art technique in quantifying the thermodynamic properties of Ni-Al-Cr alloys, which yield reliable results for activity, partial enthalpy and entropy of formation. KEMS data of measured pure components involved in this study have excellent agreement with the corresponding records from the literature confirming the reproducibility and reliability of current measurements. These novel experimental results provide solid evidence in terms of thermodynamic analysis correlating updated interpretation of mechanism of vaporization-induced defects in Ni-base superalloys during solution heat treatment.
A. Elemental Vaporization During Casting and Heat Treatment
Vaporization over Ni-base superalloys presumably depends on the thermodynamic properties of elements contained in alloys. Hence, it was assumed that Ni, Al and Cr are major elements contributing to vaporization and inducing phase evolution during solution heat treatment. With respect to the KEMS results, the extent of vaporization in Ni-Al-Cr alloys decisively depends on the amount of Ni and Cr that escapes from the bulk alloys, as illustrated in Figure 5 ; the order of partial vapor pressures in Ni-base alloys is determined as P_Ni > P_Cr > P_Al. In terms of magnitude, partial vapor pressures of Ni and Cr are at least two orders of magnitude higher than that of Al, indicating the almost negligible amount of Al sublimed from the as-cast alloy. Higher temperature, as a critical factor for vaporization, leads to a steep ascent of the partial vapor pressure for elements in the alloys observed in both Figures 5 and 6 . Therefore, the high-temperature behavior of Ni-base alloys is dominated by the stability of the Ni 3 Al phase and thermodynamic properties varying with concentrations. Moreover, the disparity of the Cr partial vapor pressure in Figure 6 (b) varies by several orders of magnitude in terms of increasing temperature indicating a great tendency of Cr to leave the alloy with sufficient driving force. Similarly, elemental interaction in alloys is mainly driven by the entropy change of Cr, as shown in Table IV .
In addition, Figure 6 (c) also shows that the thermodynamic activity of Al in Ni-base alloys is associated with the Cr concentrations showing an ascending trend for Al activity promoted by the local imbalance of Cr concentration. This can be explained by a high-attractive Cr-Ni and low-attractive Cr-Al forces in the alloy compared with the Al-Ni forces, while the attractive Al-Al and Ni-Ni forces remain nearly constant. This means that the bond forces in the alloy support the substitution of Cr for Al in the c phase and with this a higher volatility of Al, and therefore it is easier for Al atoms to escape from the structure. Consequently, the partial vapor pressure of Al increases with the increase of Cr concentration in the alloy. From another consideration, slow diffusion of Cr in c phase is related to local segregation of Cr, which leads to enrichment or depletion of Cr at a certain region of alloys that is attributed to the change of Al concentration and activity. Eventually, accumulation of Al in the near surface region promotes the formation of c¢ phase as long as the Ni/Al ratio varies locally in a certain portion in Ni-base alloy.
B. Elemental Distribution at Homogenization Stage
From the other aspect, since the KEMS method is always performed in equilibrium state, the experimental results are not restricted to determining the thermodynamic properties of Ni-Cr-Al alloys via the derived equations; KEMS data further show the process of material at high temperatures in reaching equilibrium to reveal the progression of elemental stabilization in terms of KEMS data measured from isothermal holds. Thermodynamic properties of the alloy in its most stable form are critical for predicting the stability of phases and providing optimized parameters used in post-casting processing that prevents defect formation during this stage.
In the case of the initial stage of homogenization as shown in Figure 10 , it is considered exothermic enthalpy of formation due to negative deviation from ideality. Cr ( 52 Cr isotope) in the mass spectrometer and its intensity were dependent on the temperature and its phase in the system, while the as-cast Ni-Al-Cr alloys were prepared as the non-equilibrium condition, which shows the process of stabilization at the initial stage of heat treatment. The equilibrium of the sample after casting is insufficient. Cr is either complete in a single face solution or Cr intermetallics. As homogenization continues, Cr migration out of solution and limited solubility in bulk alloys are contributing to decrease the Cr activity in mass spectrometry. Hence, dissolution of Cr in alloys takes longer than that of Al because the preferable substitution of Al with Cr is inhibited by the low activity of Al as a consequence of the longer homogenization time for Cr in Ni-base alloy.
With respect to the supportive experimental result, it permits correlating the KEMS data to understand the mechanism of defect formation during solution heat treatment of Ni-base superalloys providing a view of several unsolved problems.
C. Vaporization-Induced Defects at the Surface Region of Ni-Base Superalloys
Due to the significance of the Ni-Al-Cr system correlating with the investigation of the high-temperature properties of Ni-base superalloys, thermodynamic measurements of Ni-Al-Cr alloys via the KEMS method are able to provide direct and qualitative data revealing elemental interaction during solution heat treatment of Ni-base alloys. Previous microstructural characterization [27] [28] [29] of heat-treated Ni-base superalloys deduced that the morphology of the near surface region evolves from the original substrate c in the sequence of c fi c¢ (Ni 3 Al) fi b (NiAl), indicating a vaporization-induced microstructural instability during heat treatment, since the depletion of solid-solution elements destabilizes the c phase and facilitates the formation of a new phase near the surface. However, the difficulty is associated with accurate quantification of elemental vaporization in a solution heat treatment scenario, which requires sufficient data of partial vapor pressures in Ni-base alloys for further assessment of vaporization and interpretation of the mechanism for phase evolution in processing.
Solution heat treatment of most single-crystal superalloys is normally carried out under a low Ar pressure with intermittent purge cycles in practice; therefore, the vaporization of Ni and Cr occurs on the surface of alloys in non-equilibrium condition. Vaporization of Cr during processing is a common phenomenon that has also been studied in other materials. Lobb and Evans [62] observed evaporation of elements in stainless steel during vacuum annealing and proposed that the evaporation of Cr occurs through grain boundary migration, which is potentially regarded as a defect of alloys at long annealing times. Li [63] and Gupta et al. [64] reported the evaporative segregation phenomena in binary Ni-Cr and Fe-Cr alloy, suggesting solute enrichment or depletion in alloys as a result of surface evaporation. As stated by several studies, surface depletion can be a serious problem for a dilute solid alloy [65, 66] leading to microstructural instability of alloys. Semiatin et al. [30] showed principal alloying element loss during high-temperature processing of Ni-base superalloys is Cr in vacuum condition, leading to enrichment of Al at/near the free surface as a consequence of heat treatment.
Sequential evolution of the microstructure in Ni-base superalloys during solution heat treatment is associated with solute redistribution near the surface where a local imbalance of Cr concentration occurs. KEMS data showed fluctuation of partial pressures for Ni and Cr measured in a ternary system deriving a tendency of vaporization for the two elements at high temperatures.
Since the site of vaporization is often initiated at the surface, under typical heat treatment conditions, vaporization of Ni in CMSX-10 leads to the decline of the Ni/ Al ratio decomposing profile during solution heat treatment of Ni-base superalloys. Meanwhile, the concentration profile of Cr at the surface is affected by several factors, including diffusivity and vaporization flux. In accordance with the KEMS data in Figures 10  and 11 , Cr remains extremely active in Ni-base alloy at high temperature, implying a great tendency of Cr to leave the alloys. The local imbalance of the Cr concentration profile affects the regional equilibrium, which is also associated with diffusion of Al and Cr. In Ni solid solution, the solute transport is diffusion controlled for each element. [30] Therefore, the extent of element diffusion near the surface of the alloy determines the phase that might form during this process. During solution heat treatment, the formation of the phase on the top surface in Ni-base superalloys is associated with enrichment of Al, which is accelerated by the higher concentration profile of Cr at the surface prior to vaporization of Cr. Eventually, the accumulation of Al enriches on the surface, forming as c¢ phase. In addition, the degree of Cr vaporization tends to aggravate by the further increase of temperature; therefore, it promotes the growth of the c¢ phase layer [27] and is consistent with the observation of DP in the solution heat treatment window ranging from 1473 K to 1638 K.
In addition, the stabilization of c¢ phase is associated with an increase of the Ni/Al ratio or removal with principal solid solute, including Cr. In Figure 11 (b), KEMS data during isothermal holds presented as ion intensity ratios of elements confirmed this argument on the effect of phase evolution in Ni-base superalloys despite partial assessment of interactions among three elements that demonstrate certain aspects of the problem. Considering the multiple elements system, variation of the Ni/Al ratio leads to more sophisticated elemental reactions at a high temperature range due to interactions of other alloying elements influencing the activities of Ni, Al and Cr. Hence, the deduction rationalizes the formation of c¢ phase at the surface of Ni-base superalloys during solution heat treatment, which contributes to vaporization-induced defects of alloys. Partial pressures from Ni-Al-Cr alloys referring to the elemental concentration facilitate the improved understanding corresponding to solid experimental evidence from thermodynamic analysis. D. Implications for Optimization of Heat-Treating Parameters Used in Ni-Base Superalloy Processing
In terms of implications for industrial optimization of heat-treated Ni-base superalloys, the observed kinetic orientation of ion intensity in long-term homogenization of Ni-Al-Cr alloys provides a threshold of solutioning time for dissolution of eutectic phases and segregated dendritic phases. To homogenize the bulk alloy, stabilization of the segregated element can be reflected by the fluctuation of ion intensity in the KEMS results implying at least hours of heat treatment for Ni-base superalloys, which is a potential reference for optimization of the heat treatment parameters involved in current industrial applications. A reliable kinetic timing in solution heat treatment and optimized homogeneous surrounding conditions in terms of temperature equilibrium have a profound effect on reducing casting defects as an effective way during solution heat treatment. Moreover, reconsideration of Al/Ni and Cr/Ni ratios as further optimization of compositional modification prevents the surface from elemental vaporization to improve the thermal stability of Ni-base alloy.
Phase transition in a binary Ni-Al system studied by Hilpert et al. [40] has shown transition regions of b + c and c + c¢ for Ni content ranging from 0.7 to 0.72 and 0.76 to 0.8, respectively. However, KEMS data from Ni-Al-Cr alloys have no sufficient scatter points in Figure 8 to further confirm the phase transition for a mole fraction of Ni that varies between 60 to 65 and 72 to 75 at. pct despite a tiny trend of constant Ni activity. Therefore, additional experimental data are required to assess the phase boundaries calculated from the current database, which predicted one phase region for Ni-Al-Cr systems under the temperature range from 1473 K to 1573 K and has to be reviewed.
VI. CONCLUSIONS
Accurate partial vapor pressures of Ni, Al and Cr in Ni-Al-Cr alloys at high temperatures have been determined using the KEMS method. The elemental vaporization during the real industrial solution heat treatment of Ni-base alloys has been analyzed. The following key points can be concluded:
Accurate partial vapor pressures of Ni, Al and Cr in
Ni-base alloys have been obtained from KEMS measurements. 2. Partial vapor pressure of Ni and Cr is approximately two orders of magnitude higher than that of Al, revealing a great tendency of Ni and Cr to leave the alloy at high temperature, and the vaporization of Al is almost negligible compared with Ni and Cr. 3. Partial vapor pressure of Cr in Ni-base alloys declines during the first 20 hours in real industrial heat treatment, and this decrease is due to the inhomogeneity of Cr in the alloy after casting. Therefore, homogenization and vaporization of Cr will be considered in determining a reliable kinetic timing in solution heat treatment to avoid surface defect formation during heat treatment of Ni-base alloys. 4. Chromium has a higher resistibility being solved in the alloy than Ni and Al during solution heat treatment. The preferable substitution of Al with Cr is inhibited by the low activity of Al. 5. Elemental vaporization occurs during solution heat treatment of Ni-base alloys, which leads to chemistry change, microstructural instability and defect formation at the surface of Ni-base alloys.
